Trypanosoma congolense is an extracellular protozoan parasite that causes devastating livestock infections. Like other African trypanosomes, it has developed several immune evasion strategies, including antigenic variation [1] . T. congolense infection control can be studied
using the relatively resistant C57BL/6 mouse model. Here, a chronic infection is marked by a wasting syndrome and anemia, and infection control depends on interferon (IFN)-g, nitric oxide (NO), and IgG2a/3 [2] . Interestingly, inducible nitric oxide synthase (iNOS) activation was previously shown not to influence the outcome of Trypanosoma brucei rhodesiense infections [3] . Hence, the difference in immunologic control between T. brucei and T. congolense parasites could relate to differences in organ-specific parasite persistence within the host. Indeed, T. brucei is a "humoral" parasite, which circulates in the bloodstream and resides in the lymphatics, the peripheral organs, and the central nervous system [4] . Therefore, control of parasite growth in the liver by oxygen radicals and NO does not significantly affect parasite proliferation outside the blood circulation. In contrast, T. congolense is a "hematic" parasite, which resides only in circulating blood [5] , with par-asitemia control effected essentially by liver macrophage activation, IgG-mediated phagocytosis, and NO-mediated parasite damage [2, 6, 7] .
Tumor necrosis factor (TNF) has been shown to be crucial for trypanosomiasis control, although the function of this cytokine appears to be different during T. brucei and T. congolense infection. In T. brucei infections, TNF could be a direct effector molecule, because trypanolytic activity of TNF on certain parasite stocks has been suggested [8, 9] . In addition, TNF Ϫ/Ϫ mice revealed impaired peak parasitemia control [10] . In T. congolense infections, the increased susceptibility of TNF-deficient mice has been reported as well [11] [12] [13] [14] . Moreover, selective up-regulation of TNF in T. congolense-infected subtolerant mice has been reported [15, 16] . However, to date, T. congolense parasites have been reported to be refractory to direct TNFmediated trypanolysis [17, 18] . Collectively, the available data do not explain the functional role of TNF in T. congolense infection control. Although TNF was shown not to be involved in the process of acute-phase protein induction [12] or antitrypanosome antibody induction [13] , the association with NO-mediated trypanosomiasis control has not been established. Hence, we used a panel of TNFand TNF receptor-deficient mice, in combination with a collection of different T. congolense stocks, to unravel the functional role of TNF in T. congolense infection control. TNF is produced in 2 different forms. The membrane-bound form (mTNF) can be released in a soluble form (sTNF) through proteolytic cleavage by TNF-a-converting enzyme [19] or cathepsin D [20] . TNF signaling itself is also mediated through 2 different pathways. The 55-kDa TNF receptor-1 (TNFp55) has been reported to preferentially engage TNF [21] , whereas the higher-affinity 75-kDa TNF receptor-2 (TNFp75) preferentially binds mTNF [22] . Interestingly, shedding of TNFp75 occurs during infection with T. brucei, preventing TNF-mediated pathology through formation of a cytokine/receptor complex, without, however, greatly affecting the control of parasitemia [23] . In the context of T. congolense infections, dissection of the distinct contributions of sTNF versus mTNF and the TNF receptors has not been reported. In the present study, we present evidence that production of macrophage/ neutrophil (M/N)-derived sTNF and TNFp55 signaling lead to iNOS activation in the liver and are associated with efficient parasite control in vivo.
MATERIALS AND METHODS
Mice. C57BL/6 mice were bred at Vrije Universiteit Brussel or the University of Cape Town. TNF Ϫ/Ϫ mice [24] were initially obtained as a gift from K. Sekikawa (National Institute of Animal Health, Ibaraki, Japan) and were bred at Vrije Universiteit Brussel. TNFp55 Ϫ/Ϫ [25] , TNFp75 Ϫ/Ϫ [26] , and TNF-knock-in (TNF-KI) [27] mice, as well as M/N-and T cell-specific [28] TNF Ϫ/Ϫ mice, were bred and typed at Centre National de la Recherche Scientifique (Orleans, France). All mice were crossed back onto a C57BL/6 background. Parasites. Mice were infected by intraperitoneal injection of 5000 T. congolense TC13 clone parasites [29] . Where indicated, other parasite stocks were used (J4/23, TRT55, TRT17, IL1180, and STIB68, all of which were obtained from E. Magnus, Institute for Tropical Medicine, Antwerp, Belgium). To determine parasite counts, a 2.5-mL blood sample was obtained from the tail tips of individual mice, diluted 1:200 in PBS, and analyzed by light microscopy.
Purification of liver mononuclear cells. Sterile isolated whole livers were minced with scissors to a single-cell suspension and then were passed through a 200-gauge nylon mesh. Cells were washed at 300 g in complete RPMI 1640 (Gibco) and were resuspended in 20 mL of 35% Percoll in PBS (pH 7.2-7.4). The Percoll cell suspension was centrifuged at 550 g for 20 min at room temperature, after which time the pellet was resuspended in 2 mL RBC lysis buffer, incubated for 2 min on ice, and diluted/washed in RPMI.
Trypanolysis assays. An in vitro TNF trypanolysis assay was performed as described elsewhere [9] . Parasites were cultured at 10 6 cells/mL and were supplemented with 1 mg of TNF/100 mL in PBS and glucose plus 10% mouse serum, by use of a 96-well cell culture plate at 29ЊC. After 5 h, the remaining number of living parasites were counted using a light microscope. Trypanolysis by mononuclear liver cells was performed by coculturing purified cells ( cells/mL) with DE52-purified 6 5 ϫ 10 T. congolense parasites ( parasites/mL) in complete RPMI 6 10 1640 (Gibco). After 18 h of incubation at 37ЊC, the remaining parasites were counted and expressed as a percentage of the initial number of parasites added to the cultures. When indicated, 1 h before the addition of the parasites, 20 U/100 mL IFN-g (PharMingen) or 1 mmol/L final N G -monomethyl-larginine (NMMA; Sigma) was added to the cell cultures. Cytokine and nitrite quantification. TNF was quantified in supernatants of peritoneal exudate cells (PECs) that were incubated at a concentration of cells/mL and stimulated 5 5 ϫ 10 in vitro with total parasite lysate at an equivalent of 6 5 ϫ 10 cells/mL for 18 h. Nitrate concentrations in supernatants of in vitro-restimulated cultures of PECs (after 48 h, cultures were supplemented with 20 U/mL IFN-g [PharMingen] and pulsed with total parasite lysate at an equivalent of cells/mL) 6 5 ϫ 10 were determined using the Griess reagent [30] .
Quantification of anti-variant surface glycoprotein (VSG) serum titers. Infection-induced anti-VSG serum titers were determined in a VSG solid-phase ELISA [2] . End-point dilution titers denote values that equaled the mean background optical NOTE. Six different T. congolense parasite strains were used to infect wildtype (wt) C57BL/6 and TNF Ϫ/Ϫ mice. Occurrence of the first parasitemia peak was recorded, together with the maximal peak parasite count.
a Peaks are defined as parasite counts of 1 parasites/mL. 6 10 density values ‫ע(‬ 3 SD) for serum samples obtained from noninfected mice. Immunohistochemical analysis. Liver sections obtained from T. congolense-infected mice (day 8 post infection) were processed and stained for iNOS as described elsewhere [2, 31] . Sections were viewed by fluorescent microscopy (Nikon E600), by use of a 60 Plan Apo 60ϫ/1.4 oil objective.
Detection of iNOS by reverse-transcription polymerase chain reaction (RT-PCR).
RT-PCR and real-time RT-PCR were performed as described elsewhere [2, 32] . Possible genomic DNA contamination in purified RNA was removed by treating samples with DNAase I, by use of the RNeasy DNase Kit (Qiagen) according to the manufacturer's protocol. cDNA was made using 2 mg of total RNA and oligodT primers and reverse transcriptase (Gibco). iNOS RT-PCR was performed using 35 cycles and an annealing temperature of 55ЊC. In the real-time RT-PCR, each PCR cycle consisted of denaturation for 1 min at 94ЊC, annealing for 45 s at 55ЊC, and extension for 1 min at 72ЊC. In both assays, the following primer sets were used: NOS-F1 (5 -TGGAGCCAAGGCCAAACACAG-3 ) and NOS-R (5 -TCCACCAGGAGATGTTGAAC-3 ) and S12-F (5 -GGAAGGCATAGCTGCTGGAGGTGT-3 ) and S12-R (5 -CCTCGATGACATCCTTGGCCTGAG-3 ).
Quantification of the real-time PCR was done by first normalizing all samples by use of the S12 housekeeping gene. Next, relative results were calculated using the iNOS expression level of noninfected wild-type mice as value 1.
Graphic results and statistical analysis. All presentations of graphic results were prepared using GraphPad Prizm software (version 4.00; GraphPad software). The same software was used for statistical analysis of data (Student's t test), and comparative analysis of survival data was performed using a designated GraphPad Prizm statistical module.
RESULTS
TNF as a key mediator in the control of T. congolense infections. TNF has been reported to be crucial in the control of TC1180 T. congolense parasitemia [11] . To assess the general need for TNF in T. congolense control, wild-type and TNF Ϫ/Ϫ mice were infected with 6 different T. congolense stocks displaying varying virulence. The duration of survival of wild-type mice ranged from 35 days (for those infected with the J4/23 clone) to 133 days (for those infected with the TC13 clone) (table 1). In TNF Ϫ/Ϫ mice, all 6 parasite stocks proved to be hypervirulent, with a significant increase in the first parasitemia peak and decreased survival times noted (table 1) . The effect was most dramatic for the TC13 clone, for which the median survival time of 133 days for wild-type mice was reduced to 18 days in the TNF Ϫ/Ϫ mice. To assess a possible TNF-mediated mechanism for parasite killing, all T. congolense parasite stocks were subjected to an in vitro trypanolysis assay. Here, parasites were completely refractory to any TNF-mediated effect (data not shown), confirming previously reported results [17, 18] .
Control of T. congolense infections mediated by soluble M/ N-derived TNF and TNFp55 signaling.
To dissociate between the functional roles of sTNF and mTNF in T. congolense parasitemia control in vivo, we used TNF-KI mice that expressed only mTNF [27] . All experiments were first performed with the TC13 clone because (1) this parasite, to a great extent, relies on the presence of TNF for proper parasitemia control in vivo, through a mechanism that does not involve direct TNFmediated lysis, as mentioned above; (2) it has been used extensively for immunologic analysis of T. congolense infections [1, 2, 6, 7, 15, 16, [33] [34] [35] ; and (3) it is a relatively slow-killing clone, which allows one to clearly observe alterations in virulence (table 1) . Figures 1A and 1B show that, in the absence of sTNF only, parasitemia control is still hampered, and the median survival of the infected mice is significantly shortened (to 35 days).
Next, the involvement of the 2 TNF receptors was addressed. Figures 1C and 1D show that parasitemia control is dependent on TNFp55 signaling, because parasitemia control after the first wave of infection is lost in TNFp55 Ϫ/Ϫ mice but not in TNFp75 Ϫ/Ϫ mice. Accordingly, the median survival of TNFp55 -/Ϫ mice is reduced to 19 days, which is comparable to the median survival observed for TNF Ϫ/Ϫ mice (table 1) . In contrast, the median survival of TNFp75 Ϫ/Ϫ mice is not significantly different from that of wild-type C57BL/6 mice. Because TNF is produced by several different cell types, we used M/N-specific TNF Ϫ/Ϫ mice, as well as T cell-specific TNF Ϫ/Ϫ mice, to determine the major source of TNF needed to achieve control during T. congolense infection. These mice, which were generated using LoxP-Cre technology, rely on cell type-specific deletion of the TNF gene in the appropriate subsets of immune cells [28] . Of note, contributions of macrophages and neutrophils could not be distinguished in MLysCre-TNF mice. Figures 1E and 1F show that only mice lacking M/N-derived TNF exhibit a loss of parasitemia control, with a reduction in the median survival to 23 days. On the contrary, T cell-specific TNF knockout mice exhibit a wild-type phenotype in this infection. Together, these results suggest that M/N-derived sTNF and TNFp55 signaling are crucial for T. congolense parasitemia control. All experiments presented in figure 1 were repeated with all stocks listed in table 1, and, each time, they led to the same conclusion (table 2) . Absence of TNF and reductions in infection-associated NO production during T. congolense infections. The combination of antitrypanosome IgGs and IFN-g-dependent iNOS activation is crucial for the control of T. congolense infections [2] . Hence, the T. congolense susceptibility of TNF-KI and TNFp55 Ϫ/Ϫ mice could be due to a deficiency in one of these parameters. It has been reported that IL1180 T. congolenseinfected TNF Ϫ/Ϫ mice do not exhibit an antitrypanosome IgG deficiency [13] . Figure 2A indicates that, also in TC13 infections, the susceptibility of TNF Ϫ/Ϫ , TNF-KI, and TNFp55 mice at the first peak of infection does not result from a lack of antitrypanosome antibody induction.
To address the role of TNF in NO production, a previously used bioassay read-out system was adopted [2, 16] , in which infection and IFN-g-primed PECs were restimulated ex vivo with total trypanosome lysate. Figure 2B shows that, in the absence of infection-induced sTNF/TNFp55 signaling, trypanosome lysate fails to trigger significant levels of NO secretion. In addition, Figure 2C indicates that TNFp55 Ϫ/Ϫ mice also fail to produce significant levels of sTNF during infection. Next, the in vivo effect on iNOS induction created by the absence of TNF during T. congolense infections was assessed. Results of immunohistochemical staining of iNOS in the liver, the main site of trypanosomiasis control, were positive only in wild-type and TNFp75 Ϫ/Ϫ mice, but they were negative in the absence of TNFp55 Ϫ/Ϫ signaling, as well in as TNF Ϫ/Ϫ and TNF-KI mice (negative results are not shown for the latter 2 strains). In addition, results of RT-PCR (figure 3, inserts) and real-time RT-PCR performed on adherent liver mononuclear cells confirmed that, in the absence of sTNF/TNFp55 signaling, iNOS activity is virtually absent during TC13 T. congolense infections ( figure 3 ). Ex vivo inhibition of NO and reductions in trypanosome killing by hepatic macrophages. To corroborate the role of sTNF/TNFp55 signaling in NO-mediated T. congolense control, liver mononuclear cells were isolated at the peak of infection and were cultivated with freshly harvested parasites in the presence of mouse serum containing infection-induced anti-VSG antibodies. Figure 4A shows that, under these conditions, 150% of the parasites are eliminated within 24 h of culture. Addition of IFN-g only slightly improves parasite elimination. Figure 4B shows that, in these cultures, NO secretion is measurable, even in the absence of exogenous IFN-g; this finding contrasts with the results of the experiments performed with PECs, where the addition of IFN-g is required ( figure 3B ) [2] . Inhibiting iNOS with NMMA completely abrogated parasite elimination by liver mononuclear cells. It is important that the addition of NMMA had no effect on the TNF levels present in the cultures ( figure  4C ), although, as mentioned above, it blocked parasite elimination and NO (figures 4A and 4B). Hence, these results con- firm that there was no direct TNF effector mechanism involved in parasite clearance and that the presence or absence of NO in this assay is the major factor affecting parasite survival. It is important to mention that replacing infection-derived mouse serum with normal mouse serum abolished the trypanolytic activity as well, corroborating the previously described participating role of anti-VSG antibodies in parasite killing [2] .
Finally, when mononuclear cells were derived from TNF Ϫ/Ϫ , TNF-KI, or TNFp55 Ϫ/Ϫ mice, no significant parasite elimination was observed, correlating with the lack of NO induction. These results corroborate the in vivo data presented above that indicated that the infection-associated activation of the sTNF/ TNFp55 signal pathway is required for macrophage activation and NO production during T. congolense infections.
DISCUSSION
Induction of antitrypanosome IgGs, activation of iNOS, and the presence of a proinflammatory type I immune response, including TNF production, are all required for the prolonged control of T. congolense infections in mice [2] . First, it was reported that macrophages derived from T. congolense-subtolerant C57BL/6 mice produce higher amounts of TNF after stimulation with T. congolense lysate than do those derived from susceptible BALB/c mice [15, 16] , correlating with CR3-mediated phagocytosis of IgM-opsonized parasites [35] . Second, the use of TNF-deficient mice showed that TNF is needed for T. congolense infection control in vivo [11] , although, so far, to our knowledge, no functional explanation for the observed effects has been reported. The direct autonomous trypanolytic effect of TNF, reported in the case of T. brucei AnTat 1.1 [8, 9] , was excluded, because the addition of recombinant cytokine to TC1180 to axenic trypanosome cultures did not affect parasite survival [17, 18] . A TNF-mediated effect on infection-induced acute-phase proteins [12] or antitrypanosome antibody titers [13] was excluded as well, but possible involvement of NOmediated parasitemia control was not previously explored.
In malaria [36] and leishmania [37] , as well is in such infectious diseases as tuberculosis [38] , TNF signaling has been shown to be crucial for antimicrobial NO activity. Hence, to address the potential effector role of NO in TNF-mediated T. congolense infection control, a number of gene-deficient mouse models were analyzed in this study, by use of a collection of 6 different T. congolense parasite stocks. Our results indicate that the absence of sTNF/TNFp55 signaling leads to a significantly impaired capacity to control experimental T. congolense infections and that mice succumb to their infection at the time of the first or second parasitemia peak. In contrast, wild-type mice or mice that lack only the TNFp75 signal pathway survive up to 9 successive waves of parasitemia and live, on average, up to 20 weeks past the initiation of infection. The data presented here confirm that this TNF-mediated infection control occurs independent of a possible direct autonomous trypanolytic effect of the cytokine but correlates directly with liver NO production induced by the sTNF/TNFp55 activation pathway. The specific involvement of the TNFp55 receptor, compared with that of the TNFp75 receptor, is most likely associated with the preferential binding of the sTNF to the former receptor [21, 22] . Hence, the combined data available to date suggest that control of T. congolense parasitemia occurs mainly at the level of the liver, by the induction of trypanosome-specific IgG antibodies that allow opsonization and phagocytosis by Kuppfer cells [2, 33, 34] , on the condition that sTNF/TNFp55-mediated iNOS activation generates a trypanotoxic NO environment that reduces parasite fitness. It is important to note that the unique necessity, observed here, for the production of M/N-derived sTNF for the control of acute infections is not a general phenomenon. For instance, although M/N-derived TNF plays a role in the control of infections for which the bacterial load is low, it is the induction of T cell-derived TNF that is crucial for the control of acute and high-level bacteremia, as shown elsewhere in Listeria infections [28] .
Concordant with experimental mouse models, subtolerance in cattle also correlates with an increased capacity to mount an antiparasitic TNF response early during infection [39] . It is crucial for the outcome of infection, however, that infectionassociated TNF induction can enhance pathology through the aggravation of anemia, particularly in cattle [40, 41] . It is also important to remember that, 12 decades ago, TNF was first discovered as cachectin, which was present in the blood of T. brucei-infected rabbits with a wasting syndrome [42] [43] [44] [45] . Very recently, we showed that T. brucei-mediated immunopathology and anemia are directly associated with TNF/TNFp75 interactions, with the shedding of the soluble high-affinity TNFp75 receptor acting as a major mechanism of protection against T. brucei-induced pathology [23] . However, in the context of T. congolense infections in mice, TNF was documented not to play a key role in the induction of pathology or anemia [14] . In the present study, the role of TNF in infection-associated anemia was not followed in detail, but general observations confirmed the lack of a direct role of TNF (either soluble or membrane bound) or the TNFp55/TNFp75 pathways in the induction of T. congolense-associated anemia. In our opinion, the crucial differences between the "African trypanosomes" at the level of NO and TNF, in the context of both parasitemia control and induction of infection-associated pathology, reflect a basic difference in parasite biology and parasite-host interactions and, in particular, the difference in their humoral (T. brucei) versus bloodborne (T. congolense) nature. This most likely also holds true for other trypanosome species, for which, with the exception of the very recently analyzed Trypanosoma evansi [46] , the host-parasite interaction and immunological profile remain largely ill understood.
